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RESEARCH ARTICLE
 Y ANG JH, K ENNEDY Q, S ULLIVAN J, F RICKER Jr RD.  Pilot perfor-
mance: assessing how scan patterns and navigational assessments 
vary by fl ight expertise. Aviat Space Environ Med 2013; 84:1 – 9. 
 Introduction: Helicopter overland navigation is a cognitively complex 
task that requires continuous monitoring of system and environmental 
parameters and many hours of training to master. This study investigated 
the effect of expertise on pilots ’ gaze measurements, navigation accu-
racy, and subjective assessment of their navigation accuracy in overland 
navigation on easy and diffi cult routes.  Methods: A simulated overland 
task was completed by 12 military offi cers who ranged in fl ight experi-
ence as measured by total fl ight hours (TFH). They fi rst studied a map of 
a route that included both easy and diffi cult route sections, and then had 
to  ‘ fl y ’ this simulated route in a fi xed-base helicopter simulator. They 
also completed pre-task estimations and post-task assessments of the 
navigational diffi culty of the transit to each waypoint in the route. Their 
scan pattern was tracked via eye tracking systems, which captured both 
the subject ’ s out-the-window (OTW) and topographical map scan data. 
 Results: TFH was not associated with navigation accuracy or root mean 
square (RMS) error for any route section. For the easy routes, experts 
spent less time scanning out the window ( r  5  2 0.61) and had shorter 
OTW dwell ( r  5  2 0.66). For the diffi cult routes, experts appeared to 
slow down their scan by spending as much time scanning out the win-
dow as the novices while also having fewer Map fi xations ( r  5  2 0.65) 
and shorter OTW dwell ( r  5  2 0.69). However, TFH was not signi fi cantly 
correlated with more accurate estimates of route diffi culty.  Discussion: 
This study found that TFH did not predict navigation accuracy or subjec-
tive assessment, but was correlated with some gaze parameters. 
 Keywords:  expertise ,  scan strategy ,  cognition ,  subjective assessment . 
 A COMMON GOAL IN training is to teach novices to behave and think like experts so that they can more 
quickly attain satisfactory levels of performance and 
decision-making skills ( 10 ). In aviation, performance is 
generally assessed by level of fl ight control, typically 
defi ned by root mean square (RMS) error of fl ight trajec-
tory, accuracy of fl ight decisions, and depth of under-
standing of the issues surrounding the decision. Expert 
pilots, defi ned by total fl ight hours or FAA ratings, con-
sistently perform these tasks better than less experi-
enced pilots ( 1 , 9 , 12 ). Helicopter overland navigation is a 
particularly challenging aviation task for trainees and 
instructors as it entails additional cognitively demand-
ing tasks above and beyond fl ight control. Furthermore, 
RMS error of fl ight trajectory does not predict expertise 
levels in helicopter overland navigation ( 15 ) as it does in 
other aviation tasks. This is because helicopter pilots are 
trained to adapt their between-waypoints navigation 
solution based on current observation. For example, 
pilots may elect to deviate from a straight-line connection 
between waypoints to take advantage of a guiding fea-
ture that was not readily apparent in prefl ight planning 
( 15 ). Thus, in training helicopter pilots, a different mea-
sure of expertise beyond RMS error is needed. 
 Another limitation of using RMS error as a measure of 
fl ight expertise is that it does not provide information 
regarding experts ’ underlying cognitive strategies while 
fl ying or how these strategies may change with accrued 
experience. Currently, little is known about the learning 
process underlying improvements in fl ight control and 
navigation. For example, do experts simply demon-
strate more precise control or do they do things in a 
qualitatively different way, by perhaps sampling differ-
ent sources of information ( 1 , 7 )? In order to better ex-
plain why pilots ’ overland navigation accuracy differ by 
expertise level and to fi nd cues for assessing their cogni-
tive states, we suggest observing human behaviors (e.g., 
where they look) which infl uence their performance 
(e.g., how they navigate). Even for one of the most com-
mon causes of mishaps, the breakdown in cockpit scan, 
developing a good scan strategy has not been given 
high priority during training ( 2 ). Standardized methods 
and scan patterns can be described to students at a high 
level and in general terms; however, actually assessing 
the appropriateness of a student’s scan in relation to the 
in-situ training environment and their performance is 
not well supported. There is little support for instructors 
to provide carefully tailored feedback specifi c to a pilot 
and the immediate training environment. Thus, the pur-
pose of this study was to attempt to understand under-
lying cognitive strategies used by experts that aid in 
superior performance. 
 The goal of our research is to improve training in chal-
lenging aviation tasks by providing instructors with 
real-time information regarding what the trainee is 
thinking. A large body of research demonstrates that eye 
scan parameters successfully predict different cognitive 
states, and we have found it to be able to detect an un-
derlying cognitive strategy specifi c to overland navi-
gation. Although navigation performance provides a 
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marker of who completed the task well, it does not pro-
vide insight into the strategies that the person used to 
complete the task successfully. 
 Among psychophysiological measures for human 
cognitive states in real time, eye movements are rela-
tively easy to collect in actual operational environments, 
and recent eye-tracking technology provides nonintru-
sive devices to collect ocular data ( 5 ). Sullivan et al. ( 15 ) 
gives descriptions of eye-tracking studies in several do-
mains, including aviation ( 1 , 8 ), ground transportation 
( 13 ), different cognitive states ( 11 ), and visual process-
ing load ( 16 ). Thus, by knowing expert pilots ’ scan pat-
terns for different aviation tasks and decisions, training 
novice pilots can be improved by 1) teaching them how 
to scan the environment more effectively; and 2) detect-
ing experts ’ underlying cognitive strategies based on 
their scan patterns; these strategies can then be taught to 
novices. 
 Previous aviation studies that used eye-tracking did 
not investigate expertise and visual scan differences in 
helicopter overland navigation tasks, which are consid-
ered to be more cognitively demanding and continu-
ously complex than fi xed wing aircraft operating tasks. 
The distinguishing characteristic that makes it cogni-
tively demanding is height above terrain. Given the alti-
tude of helicopters above ground, pilots rely much more 
on terrain relief than their fi xed-wing counterparts. 
From the higher altitude at which fi xed-wing pilots fl y, 
the visible terrain more closely matches the map repre-
sentation, whereas helicopter pilots rely more on terrain 
relief at lower altitudes. Also, from higher altitudes more 
features are in view for a longer time. Recently, Sullivan 
et al. ( 15 ) demonstrated that when pilots were on track 
during an overland navigation task, fl ight expertise pre-
dicted gaze parameters and scan management skills, 
but did not predict fl ight performance measures, such as 
RMS error. However, it is unknown whether this pattern 
of results also occurs when pilots are faced with more 
diffi cult navigation routes in which they are more likely 
to be off track. It also is unknown how well experts ’ es-
timates of route diffi culty match their actual perfor-
mance. If experts know ahead of time which sections of 
the route are diffi cult to navigate, they may alter their 
visual scan strategies accordingly during these sections. 
From a training perspective, understanding expertise 
differences in the link between navigation accuracy, pi-
lots ’ subjective assessment of how they are doing, and 
visual scan patterns would greatly enhance current 
training procedures. We thus focused on improving our 
understanding of cognitive processing associated with 
helicopter overland navigation by analyzing gaze mea-
surements, navigation accuracy, subjective estimation 
and assessment, route diffi culties, and expertise level of 
pilots. 
 In this study, we designed overland navigation tasks 
in a fl ight simulator integrated with eye-tracking sys-
tems and performed human-in-the-loop experiments 
with pilots who ranged in total fl ight hours. The simulated 
navigation tasks entailed  ‘ fl ying ’ to 12 waypoints depicted 
on a map. In our previous work ( 15 ), we examined only 
waypoints 2 – 5, in which all pilots were on track. In this 
study, we extend upon these results by also examining 
expertise differences in actual and self-reported perfor-
mance for waypoints 5 – 7, which were rated as much 
more challenging than waypoints 2 – 5. The Results sec-
tion focuses on these two route sections; notable points 
from other waypoints data are described in the Discus-
sion for an organized reporting. 
 Pre-experiment, we made the following alternative 
hypotheses for helicopter overland navigation tasks re-
garding route diffi culty and expertise represented by 
total fl ight hours (TFH):
 1. Correlation between TFH and navigation accuracy vs. TFH and 
RMS error: on both easy and diffi cult route sections,
a.  TFH will be positively correlated with navigation accuracy; 
and 
b.  TFH will be correlated with RMS error. 
 2. Correlation between TFH and gaze parameters/scan patterns: on 
both easy and diffi cult route sections,
a.  Higher TFH will be associated with shorter out-the-window 
(OTW) dwell times; 
b.  Higher TFH will be associated with shorter Map dwell times; 
c.  Higher TFH will be associated with greater frequency of OTW 
fi xations; 
d.  Higher TFH will be associated with greater frequency of Map 
fi xations; 
e.  Higher TFH will be associated with a greater number of view 
changes between OTW and Map; and 
f.  Higher TFH will be associated with less OTW scan duration. 
 3. TFH and subjective assessment:
a.  TFH will have a stronger correlation with the pre-survey than 
with actual navigation accuracy; and 
b.  TFH will have a stronger correlation with the post-survey 
than with actual navigation accuracy. 
 As part of this project we developed a visualization 
tool, the Flight and Eye Scan visualization Tool, desig-
ned to provide a representation of spatial and temporal 
correspondence among features scanned in OTW (3D) 
and Map (2D) views in relation to the actual aircraft 
location ( 15 ). 
 METHODS 
 Subjects 
 There were 12 male military personnel, 29 to 40 yr of 
age, who participated in the study. The minimum skill 
requirement for the study was completion of at least one 
overland navigation class. Among the 12 subjects, 3 sub-
jects were helicopter fl ight instructors and 2 subjects had 
other navigation-related instructing experience but no 
fl ight experience. Expertise was defi ned in terms of 
TFH, where higher TFH values were used as a proxy 
measure indicating increased pilot expertise. TFH var-
ied from 0 to 3100 h (avg.  5 1488 h, SD  5 1104 h) and 
overland fl ight hours varied from 0 to 2500 h (avg.  5 612 h, 
SD  5 853 h). Seven subjects were from the U.S. Navy, 
two from the U.S. Marine Corps, one from the U.S. Air 
Force, one from the U.S. Army, and one was unknown. 
No special neurological, visual acuity, or spatial ability 
tests were performed. The study was approved by the 
Naval Postgraduate School Institutional Review Board. 
Subjects were recruited via an e-mail advertisement to 
Naval Postgraduate School e-mail account holders. All 
Q1
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the subjects gave written informed consent to partici-
pate, with the right to withdraw at any time. 
 Equipment 
 The basic experimental apparatus included the fl ight 
simulator X-Plane 8.6, a 46 0 wide screen to present the 
OTW view, a 40 0 wide display for the map and instru-
ment display, two stereo cameras and associated 
faceLAB 4.6 software for collecting eye data, and a cock-
pit-style seat with side-mounted joystick. Data from the 
fl ight simulator were sent to an image generator, which 
provided an OTW and a map view combining an Open-
SceneGraph terrain model of Twentynine Palms, CA. 
The helicopter was designed to be on an automated 
terrain-following mode at fi xed 150’ above ground level 
fl ying at 60 kn. However, the pilot was able to control 
the heading of the aircraft using the lateral control of the 
joystick. The joystick pitch control (up/down) was pro-
grammed to change the up/down view of the OTW, not 
the actual pitch angle of the aircraft. The display pre-
sented a 1:50,000 topographical land map typically used 
for fl ight planning and execution. The map was fi xed in 
position about the pair-wise mean of the waypoints, 
whereas the orientation of the map was synchronized to 
the aircraft ’ s heading to maintain a track-up orientation. 
The bottom portion of the screen contained instruments 
to support navigation: the left-most instrument display 
was a compass typical of legacy Navy H-60 (SH/HH-
60F/H) displays. To the right of the compass display 
were typical barometric and radar altimeters. The right-
most portion of the instrument cluster contained a digital-
style elapsed time clock. We had two separate faceLAB 
systems (two sets of stereo cameras with 12.5 mm lenses, 
three infrared strobe lights) for tracking eye gaze for 
OTW and map displays. 
 Procedures 
 The navigation task was to fl y over 12 waypoints (in-
dicated as black circles on  Fig. 1 ) after studying the area 
using Falcon View fl ight planning software, a system 
widely employed by diverse communities within the 
U.S. Department of Defense. The fi rst waypoint is lo-
cated slightly south of the map so it is not shown in the 
fi gure. Each waypoint pair has a  “ doghouse ” that indi-
cates (from top to bottom): the next waypoint number, 
the recommended heading to reach that waypoint from 
the previous one, the distance between waypoints, and 
the amount of time it takes to traverse the distance as-
suming a speed of about 60 kn. Pilots were free to devi-
ate as long as they remained oriented. Pilots were 
considered on-track when they stayed within 0.5 km 
from the waypoint and off-track when they deviated 
more than 0.5 km. 
 Waypoints were set very close together and the ter-
rain tended to be ambiguous, so subjects needed to 
make course corrections based on visual cues from both 
the OTW and map screens (their goal being to bring 
their perceived location closer to their actual location). 
The task was purposely designed so that some legs would 
be more challenging than others. The diffi culty of each 
leg was assessed by a subject matter expert (SME) who 
designed the whole route. The SME determined that the 
legs from waypoints 2 – 4 were easy, whereas the legs be-
tween waypoints 5 – 7 were diffi cult. We refer to way-
points 2 – 4 as the easy route section and waypoints 5 – 7 
as the diffi cult route section. The two thick lines indicate 
the easy route section (waypoints 2 – 4) and the diffi cult 
route section (waypoints 5 – 7). 
 A pre-task questionnaire asked subjects to indicate the 
level of navigation diffi culty for each of the 11 legs on a 
scale from 1 to 5, in which 1  5 completely trivial, 2  5 
somewhat diffi cult, 3  5 moderately diffi cult, 4  5 very 
diffi cult, and 5  5 not at all possible. The scale was repre-
sented as a straight horizontal line and participants 
were told to draw a vertical line to indicate their level of 
perceived diffi culty. The numbers 1 – 5 were evenly dis-
persed above the line. Thus, perceived level of diffi culty 
was calculated by measuring the marker distance from 
the left-most point of the scale (line) divided by the total 
length of the line. Multiplied by 100, self-reported per-
ceived diffi culty was thus quantifi ed on a percentage scale. 
 A post-task questionnaire asked subjects to indicate 
the level of navigation diffi culty that they experienced 
for each of the 11 legs on the same scale used for the pre-
task questionnaire. A demographic survey had ques-
tions regarding subjects ’ age, gender, branch of military 
service, total fl ight hours, overland navigation hours, 
days since last fl ight, instructor experience, and years of 
aviation experience. After a brief introduction, subjects 
were asked to read and sign an informed consent form. 
  
 Fig.  1.  Flight route showing 2 nd to 12 th waypoints with corresponding 
dog houses: waypoints 2-4 and 5-7 are shown in thick lines ( 15 ). 
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They then completed the demographic survey. The next 
step was a calibration of faceLAB stereo cameras to ver-
ify that the visual scan data was usable (error less than 3°) 
before subjects started the navigation tasks. Subjects 
were asked to sit in the simulator chair, where eye-track-
ing cameras had been mounted in between the chair and 
the simulator screen. Once the calibration was done, the 
simulated fl ight environment was explained to the sub-
jects (e.g., altitude and speed maintained by Autopilot, 
forward/backward movement of the fl ight stick con-
trols the view of the helicopter, the digital map stay ori-
ented automatically, etc.) and then they fl ew a practice 
route. The practice run took about 7 to 8 min, giving 
subjects enough time to get familiar with the simulated 
environment and the simulator itself. 
 Following the calibration phase and equipment fa-
miliarization navigation route exercise, subjects were 
briefed on the main navigation route (CleghornWest, 
 Fig. 1 ) for up to 20 min. After the brief, subjects completed 
the pre-task questionnaire and then were directed back 
to the fl ight simulator and evaluators re-verifi ed calibra-
tion. Subjects then fl ew the main route (6 min long) 
while evaluators collected eye-scan data and fl ight in-
formation. If a subject went too far off course, the experi-
menter would verbally intervene, giving them a course 
to guide the subject back to a waypoint. Subjects then 
completed the post-task questionnaire and were de-
briefed. Total experiment time varied from 1 to 1.5 h. 
 Statistical Analyses 
 We used Spearman ’ s rank correlation to see if exper-
tise was associated with fl ight performance and/or vi-
sual scan characteristics. We used a signifi cance level of 
 a  5 0.05 for determining whether to reject the null hy-
potheses, though here we report all the  P -values for 
those who might prefer an alternate signifi cance level. 
For a regression analysis on the easy route section be-
tween TFH and gaze parameters, we refer the reader to 
Sullivan et al. ( 15 ). 
 The main outcome measures for the fl ight and naviga-
tion performance were 1) RMS error of the fl ight trajec-
tory; and 2) navigation accuracy, i.e., whether pilots were 
on-track (within 0.5 km from the waypoints) or off-track 












 ¦  
where for n data points between waypoints k and k 1 1 
 aix  is the actual fl ight position and  
o
ix  is the correspond-
ing reference trajectory point for the i th point. 
 Navigation accuracy was assessed on the easy route 
section and the diffi cult route section, respectively. Navi-
gation accuracy was quantifi ed as a 2 if the pilot was on-
track for both legs of the section (e.g., on-track for 
waypoints 2 – 3 and waypoints 3 – 4 in waypoints 2 – 4), 1 if 
the pilot was on track for only one leg (e.g., on-track only 
for waypoints 5 – 6 in waypoints 5 – 7), and a 0 if they were 
off-track for both legs. Being on-track was determined 
based on whether or not the subject was closely located 
(threshold was 0.5 km) to designated waypoints and by 
the subject ’ s debrief. Navigation accuracy is a relaxed 
variation of the conventional RMS error, which allows ac-
ceptable deviation and captures  “ good-enough ” or  “ sat-
isfying ” characteristics of tracking tasks ( 7 , 20 ), whereas 
RMS error penalizes any deviations from the waypoints. 
 The main outcome measures for visual scan patterns 
were 1) median of dwell duration; 2) OTW scan time; 3) 
number of OTW-Map view changes; and 4) number of 
fi xation points per unit time. Dwell duration (or the du-
ration of fi xations) is calculated as a period between 
consecutive saccades ( 12 ). Because the navigation tasks 
had two different views (OTW and Map), the variables 
OTW and Map scan time ratio and number of OTW-
Map view changes were included to account for how 
many features pilots scanned per view. Data from 
faceLAB, X-plane, and the image generator were com-
bined into a text fi le and all data were processed in 
MATLAB R2010a. The main outcomes from the survey 
data were self-reported level of navigation diffi culty. 
 RESULTS 
 Preliminary Analyses 
 Spearman ’ s rank correlation is denoted by  r and the 
corresponding  P -value is shown as  P . As would be ex-
pected, TFH was positively correlated with overland 
fl ight hours ( r  5 0.64 and  P  5 0.02), days since last fl ight 
( r  5 0.77 and  P  5 0.003), and days since last overland 
fl ight ( r  5 0.79 and  P  5 0.002), but not with any other 
demographic variables, such as age or branch of service. 
Results from the pre-task surveys indicated that subjects 
estimated waypoints 5 – 7 (i.e., the diffi cult route section 
as determined by the SME) would be more diffi cult than 
waypoints 2 – 4 (i.e., the easy route section determined 
by the SME) prior to the navigation task [ t (11)  5 3.163,  P  , 
0.01]. After the task completion, subjects still assessed 
the diffi cult route as more diffi cult than the easy route 
[ t (11)  5 8.300,  P  , 0.001]. 
 Route diffi culty affected actual fl ight and navigation 
accuracy. As expected, and as can be seen in  Table I , 
RMS error increased and navigation accuracy decreased 
from the easy route section to the diffi cult route section 
[ t (11)  5 5.171,  P  , 0.001 and  t (11)  5 3.924,  P  , 0.01, re-
spectively]. For the easy route, 10 pilots were on course, 
whereas only 3 pilots were on course for the diffi cult 
route. These results confi rmed the SME ’ s evaluation. 
Comparing subjects ’ pre-task estimation with their post-
task assessment, we found that pre- and post-reports 
were consistent for the easy route, but that the diffi cult 
route was under-estimated in the pre-task estimate com-
pared to the post-task assessment [ t (11)  5 2.901,  P  , 
0.001].  Table I shows mean and SD of each dependent 
measure on the easy route section and the diffi cult route 
section, respectively. Dwell parameters in the helicopter 
navigation tasks were in the range of results previously 
reported ( 17 ). Also, the distribution of dwell duration 
was skewed to the left. We, therefore, used the median 
dwell duration in statistical analyses rather than using 
mean dwell duration. 
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 None of the gaze parameters were signifi cantly differ-
ent between the two route sections, possibly due to the 
wide range of variability in all gaze parameters, with 
the most variability occurring with median Map dwell 
duration. Of note, the number of fi xations per OTW 
view was more than that of the Map view for both routes 
[easy route:  t (11)  5 3.067,  P  , 0.01, and diffi cult route: 
 t (11)  5 3.586,  P  , 0.005] and OTW scanning time was 
more than 50% for both routes. This result indicates that, 
regardless of route diffi culty, pilots tend to spend more 
time looking at and fi xating OTW relative to the Map 
view. 
 Navigation accuracy was correlated negatively with 
two gaze parameters on the easy route (median dwell,  r  5 
 2 0.45,  P  , 0.1; median OTW dwell,  r  5  2 0.52,  P  , 
0.05; pilots who were on-track had shorter dwell times 
on the easy route) whereas no signifi cant correlation 
with any gaze parameters was found on the diffi cult 
route. Spearman ’ s rank correlation coeffi cients among 
fl ight, navigation, gaze, and subjective data were calcu-
lated for both route sections and are shown in  Table II . 
The lower half of the table corresponds to Spearman ’ s 
rank correlation coeffi cient between dependent vari-
ables in Leg 1 and the upper half to that of Leg 2. Navi-
gation accuracy was correlated negatively with RMS 
error, OTW dwell duration, and post-task route assess-
ment on the easy route ( r  5  2 0.52,  P  , 0.05;  r  5  2 0.52, 
 P  , 0.05;  r  5  2 0.55,  P  , 0.05). On the other hand, navi-
gation accuracy was only correlated negatively with 
post-task route assessment on the diffi cult route ( r  5 
 2 0.53,  P  , 0.05). As would be expected, most gaze pa-
rameters were correlated with each other on both the 
easy and diffi cult routes; for example, OTW dwell and 
OTW-Map view changes were correlated negatively in 
both legs ( r  5  2 0.66,  P  , 0.05 and  r  5  2 0.69,  P  , 0.001, 
respectively). The subjects’ pre-task estimation was 
correlated negatively with OTW scan duration on 
the easy route ( r  5  2 0.61,  P  , 0.05) and post-task as-
sessment was correlated positively with number of fi xa-
tions per Map on the diffi cult route ( r  5 57,  P  , 0.05). 
Pre-task estimation and post-task assessment were cor-
related negatively on the diffi cult route ( r 5 -0.69,  P  , 
0.001), whereas no correlation was shown for the easy 
route. 
 Hypothesis 1 
 The experimental data did not support either 
Hypothesis 1a regarding the relationship between TFH 
and navigation accuracy or 1b regarding the relation-
ship between TFH and RMS error. That is, TFH was not 
a signifi cant predictor of either navigation accuracy or 
RMS error for both the easy and diffi cult route sections. 
Of course, failure to prove the alternative hypothesis 
does not mean the null is true, though we note that the 
lack of association between TFH and RMS error is con-
sistent with our previous work ( 15 ) and a post hoc 
power analysis (see the Discussion section) indicates the 
sample size provided reasonable power to detect corre-
lations similar to those observed between other factors 
in this study. 
 Hypothesis 2 
 The experimental data supported Hypotheses 2a, c, 
and e on the association between TFH and gaze param-
eters. Specifi cally, TFH predicted median OTW dwell, 
number of fi xations per OTW, and number of OTW-Map 
view changes on both the easy and diffi cult route sec-
tions ( r  5  2 0.66,  P  , 0.01;  r  5  2 0.62,  P  , 0.05; and  r  5 
0.59,  P  , 0.05 for easy route sections and  r  5  2 0.69,  P  , 
0.01;  r  5  2 0.59,  P  , 0.05; and  r  5  2 0.65,  P  , 0.05 for 
diffi cult route sections).  Table III contains the correla-
tions between TFH and scan parameters by route sec-
tion. As illustrated in  Table III , these results indicate that 
pilots with more TFH showed a more effi cient scan pat-
tern characterized by shorter median OTW dwell, less 
number of fi xations per OTW and more number of 
 TABLE I.  MEAN, MEDIAN, AND SD OF DEPENDENT VARIABLES. 
 Leg 1 (Easy, Waypoints 2-4) Leg 2 (Diffi cult, Waypoints 5-7) 
 Mean Median SD Mean Median SD 
 Navigation accuracy (max  5 2.0) 0.92 1.0 0.19 0.62 0.5 0.22 
 RMS error 11.5 ft 9.05 ft 7.8 ft 30.6 ft 30.5 ft 14.2 ft 
 Median dwell duration 229.1 ms 215.8 ms 47.3 ms 212.8 ms 208.6 ms 34.1 ms 
 Median OTW dwell duration 226.5 ms 227.1 ms 38.7 ms 213.9 ms 207.6 ms 43.1 ms 
 Median Map dwell duration 297.5 ms 224.8 ms 159.0 ms 257.5 ms 230.1 ms 91.4 ms 
 No. of OTW fi xations per view 4.1 3.0 2.6 3.3 2.4 1.8 
 No. of Map fi xations per view 1.74 1.79 0.65 1.78 1.55 0.61 
 OTW scanning time 61% 60% 12% 56% 56% 9% 
 No. of OTW-Map view changes per second 1.35 1.34 0.63 1.30 1.20 0.56 
 Route diffi culty estimation (max  5 75) 19.4 19.0 7.4 32.5 37.0 11.9 
 Route diffi culty assessment (max  5 75) 15.4 13.0 9.9 50.4 47.3 11.1 
 TABLE II.  SPEARMAN ’ S CORRELATION BETWEEN TFH AND 
GAZE PARAMETERS. 
 Easy Route Diffi cult Route 
 Median OTW dwell duration  2 0.66**  2 0.69** 
 Median Map dwell duration  2 0.47  2 0.02 
 No. of OTW fi xations per view  2 0.62*  2 0.59* 
 No. of MAP fi xations per view 0.12  2 0.65* 
 No. of OTW-Map view changes 0.59*  2 0.65* 
 OTW scanning time  2 0.61*  2 0.30 
 *  P  , 0.05, **  P  , 0.01. 
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OTW-Map view changes. Hypotheses 2b, d, and f were 
not supported, but TFH-by-gaze parameter interactions 
(e.g., TFH-by-OTW scan duration, TFH-by-fi xations per 
Map view) were found. In particular, TFH was nega-
tively associated with OTW scan duration for the easy 
route ( r  5  2 0.61,  P  , 0.05), whereas no differences in 
OTW scan duration were found for the diffi cult route 
section. On the other hand, TFH was negatively associ-
ated with the number of fi xations per Map view only on 
the diffi cult route section ( r  5  2 0.65,  P  , 0.05). The in-
teractions suggest that more experienced pilots make 
subtle changes to their scan pattern when route diffi -
culty increases, where they spend more time scanning 
out the window and look less often at the map. In con-
trast, less experienced pilots do not change their scan 
pattern when navigation diffi culty changes. 
 Hypothesis 3 
 The hypothesis on an association between TFH and 
route diffi culty estimation was not supported. Regard-
less of TFH, pilots tended to underestimate the diffi cult 
route compared to post-task assessment. Interestingly, 
pre-task estimation and post-task assessment were neg-
atively correlated for the diffi cult route ( r  5  2 0.69,  P  , 
0.001), which indicates that pilots who estimated the leg 
to be easy/diffi cult, after completing the navigation task, 
then assessed it as more/less diffi cult, respectively. 
 As an exploratory analysis, subjects were divided into 
two groups according to their navigation accuracy (on-
track vs. off-track) in both route sections. The purpose of 
the grouping was to see if on-track subjects can be char-
acterized differently from off-track subjects in terms of 
gaze parameters.  Table IV shows dependent measures 
comparison between these two groups. The descriptive 
statistics suggest differences between the two groups, 
but we did not conduct statistical analyses due to the 
small sample size. Three subjects were in the on-track 
group and two subjects were in the off-track group. The 
rest of the subjects had a combination of on- and off-
track navigation accuracy, thus they are not included in 
this exploratory analysis. 
 DISCUSSION 
 There are a few possible explanations for the lack of a 
relationship between TFH and navigation accuracy and 
gaze parameters. First, there is the possibility of this be-
ing an underpowered study due to a small sample size. 
Post hoc statistical power analysis ( 3 , 14 ) showed that 
the power of correlation analysis ranges between 0.51 
and 0.76 given a sample size  5 12,  a  5 0.05, and ob-
served  r  5 0.52 ; 0.69. Second, TFH may not be an ac-
curate measure of expertise for task specifi c activities. 
Even instructor-experienced pilots, an alternative proxy 
for pilot expertise, did not predict gaze and navigation 
accuracy on both legs. A better measure of overland 
navigation expertise may be total overland hours, par-
ticularly in this cohort of military pilots, some of whom 
have most of their fl ight hours over water. However, 
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better than TFH either. Third, it could be that the diffi -
cult routes were very challenging even for the experi-
enced pilots. Evidence supporting this view is that mean 
level of navigation accuracy for the diffi cult route was 
quite low, 0.62 out of a maximum score of 2.0. Additionally, 
during the difficult route, more experienced pilots 
showed a scan pattern that was more representative of a 
novice scan pattern: longer scan time out the window and 
fewer fi xations. Finally, even the more experienced pilots 
underestimated how challenging the difficult route 
would be, suggesting that they were unprepared when 
confronted with that part of the navigation route. 
 Other surprising results were that gaze parameters 
only partially predicted navigation accuracy and changes 
in route diffi culty. Pilots with better navigation accuracy 
in the easy route had lower median OTW dwell times. 
As shown in  Table I , no signifi cant change was shown in 
OTW scanning time between easy and diffi cult route 
sections. However, increased variability in OTW scan-
ning time during the diffi cult route could have masked 
any signifi cant relationship between OTW dwell time 
and navigation accuracy for this route. These results lead 
to two questions: 1) can we characterize those pilots who 
had high levels of navigation accuracy, that is, those that 
showed task specifi c expertise; and 2) what types of mis-
takes were pilots making during the fl ight? 
 To address the fi rst question, we compared descrip-
tive statistics between pilots who scored 100% on navi-
gation accuracy across all legs and pilots who had very 
poor navigation accuracy. Although the sample sizes are 
too small to reach any general conclusions, the statistics 
suggest future hypotheses to be tested with larger sam-
ple sizes. The high performance pilots are characterized 
by more THF, more overland hours, lower RMS, shorter 
overall and map dwell duration, more time spent look-
ing out the window, and more accurate pre-task esti-
mates of route diffi culty. 
 Regarding the second question, whether subjects per-
ceive their whereabouts correctly is critical for successful 
mission completion. Common frequent visual misper-
ceptions among pilots were observed throughout the 
study. Some expert pilots successfully located waypoint 
6 and made a 90° left turn into a narrow valley toward 
waypoint 7. However, 9 out of 12 pilots missed this nar-
row valley mainly due to a fi eld of view angle limita-
tion. Once they passed waypoint 6 without realizing it, 
another valley appeared on their left. Pilots who missed 
waypoint 6 made a left turn into this valley, believing 
they were on track. 
 As shown in  Fig. 2 , subject 5 missed waypoint 6 and 
took a left turn into this valley (6’). Then, he fl ew north 
  
 Fig.  2.  Subject 5 ’ s actual fl ight trajectory (continuous line) and 
planned route (circles with connecting lines) ( 18 ). 
 TABLE IV.  MEAN, MEDIAN, AND SD OF DEPENDENT VARIABLES FOR SUBJECTS WHO WERE ON-TRACK OR OFF-TRACK FOR BOTH 
THE EASY AND DIFFICULT ROUTE SECTIONS. 
 On-Track Subjects (Three Subjects) Off-Track Subjects (Two Subjects) 
 Mean Median SD Mean Median SD 
 TFH 1780 h. 1600 h 454 h 575 h 575 h 813 h 
 OFH 867 h 850 h 575 h 50 h 50 h 70 h 
 RMS error 16.4 ft 14.2 ft 0.5 ft 29.7 ft 29.7 ft 7.0 ft 
 Median dwell duration 215.9 ms 196.7 ms 36.6 ms 250.9 ms 250.9 ms 8.35 ms 
 Median OTW dwell duration 228.6 ms 214.6 ms 46.3 ms 245.1 ms 245.1 ms 7.06 ms 
 Median Map dwell duration 220.3 ms 213.3 ms 52.1 ms 286.2 ms 286.2 ms 15.01 ms 
 No. of OTW fi xations per view 3.7 4.3 1.4 2.2 2.2 0.07 
 No. of Map fi xations per view 1.5 1.6 0.2 1.7 1.7 0.54 
 OTW scanning time 63% 62% 8.1% 55% 55% 15% 
 No. of OTW-Map view 
 changes per second
1.3 1.4 0.2 1.25 1.25 0.09 
 Route diffi culty estimation 28.2 29.8 2.7 26.0 26.0 2.1 
 Route diffi culty assessment 27.8 27.3 1.7 42.3 42.3 7.4 
 TFH  5 total fl ight hours; OFH  5 ; RMS error  5 root mean square error; OTW  5 out the window. Q4
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of the intended trajectory (7’ and 8’), believing he was 
on waypoints 7 and 8. Initially planned waypoints are 
shown in straight lines connected with circles, whereas 
the subject ’ s estimation is shown in a thicker, continu-
ous line. On his way from waypoint 6’ to 7’, he saw a 
valley on the right side of the fl ight heading in the OTW 
scene. If he had been on track (i.e., between 6 and 7), he 
would have been surrounded by hills and should not 
have been able to see any saddle or valley and his head-
ing would have been much different. Even though his 
gaze data showed that he scanned the valley, the pilot 
did not question his orientation. This information indi-
cates the pilot rejected the visual cues that were not 
compatible with his current belief, which could not 
have been correct. Thus, the subject did not question his 
orientation or status, indicating that he overweighed 
those visual cues that fi t into his mental picture by giv-
ing little attention (subconsciously) to cues confl icting 
with it. This type of bias, carrying over initial bias, has 
also been seen in a cognitive task that tapped inductive 
biases on cultural evolution ( 6 ). Cowden et al. ( 4 ) inves-
tigated the misperception and showed pilots ’ per-
ception was wrong 77.86% the time when they were 
 “ off-track. ” 
 Our gaze pattern analysis thus far has focused on 
temporal aspects of the data, such as gaze duration, 
number of fi xations, etc. On the other hand, we can also 
study spatial aspects of gaze parameters, e.g., where in 
the OTW or Map subjects were looking when navigating. 
A specifi c Map scanning strategy used by experts to 
maintain course was introduced in Sullivan et al. ( 15 ). 
 Fig. 3 shows an OTW gaze histogram of waypoints 2 – 5 
depending on subject expertise sorted by TFH. Red cells 
indicate the location where experts had more fi xations 
than novices, whereas blue cells represent novice pilots 
gazing on that area more so than experts. The fi gure 
clearly shows that where experts and novices looked 
were different. For example, experts looked on the left 
side of the travel direction (hilly terrain) while novices 
looked on the right (plain area) near waypoint 2. From 
waypoint 3 to waypoint 4, novices tended to stay and 
look more to the left while experts tended to look more 
to the right. The OTW gaze location is, of course, highly 
subject to helicopter trajectory. 
 We can conclude TFH predicted gaze parameters, but, 
in this cohort of military pilots, we cannot reach any 
fi rm conclusion regarding the association between TFH 
and expertise. As future work, how an expert ’ s scan 
strategy induces better navigation accuracy and how ex-
pert pilots obtain the desirable scan strategy should be 
studied. We should be able to characterize/predict who 
will perform a task well based on eye gaze pattern vs. 
those who have scan breakdown. This research is par-
ticularly important toward preventing controlled fl ight 
into terrain and midair collisions while conducting low-
level visual fl ight rules operations. Scan strategy also 
differs by task; therefore, a  “ portfolio ” of successful scan 
strategies by aviation task could be developed. 
  
 Fig.  3.  Visual scan differences between experts and novices. To view this fi gure in color, please see the online version of this article (DOI: 10.3357/
ASEM.3372.2013). 
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